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ABSTRACT
We present detailed elemental abundances of 12 subgiants in the open cluster IC 4756
including Na, Al, Mg, Si, Ca, Ti, Cr, Ni, Fe, Zn and Ba. We measure the cluster
to have [Fe/H] = −0.01 ± 0.10. Most of the measured star-to-star [X/H] abundance
variation is below σ < 0.03, as expected from a coeval stellar population preserving
natal abundance patterns, supporting the use of elemental abundances as a probe to
reconstruct dispersed clusters. We find discrepancies between Cr i and Cr ii abundances
as well as between Ti i and Ti ii abundances, where the ionized abundances are larger
by about 0.2 dex. This follows other such studies which demonstrate the effects of
overionization in cool stars. IC 4756 are supersolar in Mg, Si, Na and Al, but are solar
in the other elements. The fact that IC 4756 is supersolar in some α-elements (Mg,
Si) but solar in the others (Ca, Ti) suggests that the production of α-elements is not
simply one dimensional and could be exploited for chemical tagging.
Key words: stars: abundances – ISM: abundances – ISM: evolution.
1 INTRODUCTION
Understanding the formation of the Milky Way is a very
challenging task. Among the major challenges are the fol-
lowing: (1) although stars form in aggregates, they disperse
due to dynamical influences, and the kinematical data we
can measure today, such as radial velocity and proper mo-
tions, carry little information on the site and epoch of the
star formation and (2) we are restricted to a small survey
volume around the solar neighborhood.
Measuring elemental abundances of stars in open clus-
ters/moving groups with high-resolution spectrograph helps
us to shed light on these problems. Elemental abundances
are shown to be powerful tools to uncover the natal con-
ditions of stars (Freeman & Bland-Hawthorn 2002) because
stars that were formed with the same gas cloud should carry
the same pollution history of the gas, either due to super-
nova ejecta (e.g Woosley & Weaver 1995; Chieffi & Limongi
2002; Kobayashi et al. 2006) or due to stellar mass
loss from low-mass stars especially during the asymp-
totic giant branch (AGB) phase (e.g. Vassiliadis & Wood
1993; Karakas 2010). A growing number of recent
studies (e.g. Bland-Hawthorn, Krumholz & Freeman 2010;
⋆ E-mail: yuan-sen.ting@cfa.harvard.com
Bovy, Rix & Hogg 2012a; Bovy et al. 2012b,c, Ting et al.
in preparation) show that chemical tagging, namely recon-
structing ancient clusters using elemental abundances, is a
promising approach to understand Galactic dynamics and
Milky Way substructures.
Most of the field star spectroscopic surveys carried out
to date cover a small volume around the solar neighbour-
hood with 7.5 . RG . 8.5 kpc, where RG is the distance
from the Galactic Centre. Obtaining high-resolution spectra
of field stars at larger Galactic radius proved to be obser-
vationally challenging. Fortunately, open clusters and mov-
ing groups provide us with unique opportunity to probe
larger Galactic radius where chemical homogeneity within
such substructures have been established, at least for heav-
ier (Z > 12) elements (e.g. De Silva et al. 2007b, 2011;
Bubar & King 2010; Friel, Jacobson & Pilachowski 2010;
Pancino et al. 2010; Jacobson, Friel & Pilachowski 2011).
In this paper, we target the open cluster IC 4756.
Located 484 pc away, it is an intermediate-aged open
cluster similar to the Hyades with an age of about 790
Myr (Salaris, Weiss & Percival 2004). The metallicity has
not been well constrained in the literature with a range
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from [Fe/H]1 ≃ -0.22 (Thogersen, Friel & Fallon 1993) to
more recent values of 0.03 (Santos et al. 2009) and 0.05
(Smiljanic et al. 2009) using high-resolution spectroscopy.
IC 4756 was previously studied by various groups, in-
cluding Gilroy (1989), Luck (1994), Jacobson et al. (2007),
Santos et al. (2009), Smiljanic et al. (2009) and Pace et al.
(2010). Most recent authors, including this study, found
that IC 4756 has about solar metallicity. However,
Jacobson et al. (2007) found that [Fe/H] ≃ -0.15.
In this paper, we explore the abundances of 12 sub-
giants in IC 4756, most of which have previously not been
studied, thereby extending the total sample size. Further, we
extend the list of elements being measured by including Zn
and Ba that have not been measured with a large and ho-
mogeneous sample. Ting et al. (2012) showed that Fe-peak
elements such as Zn are important to distinguish different
origin of clusters or stars that have distinctive pollution
history, presumably from more energetic core-collapse su-
pernovae (Umeda & Nomoto 2002, 2005). They also showed
that neutron-capture elements, such as Ba, are crucial to
distinguish the origin of metal-rich stars and clusters, as it
is a telltale imprint of chemical evolution via the AGB slow-
process (s-process) nucleosynthesis mechanism (for a re-
view, see Busso, Gallino & Wasserburg 1999; Herwig 2005;
Ka¨ppeler et al. 2011).
Although it is argued that heavier elements’ abun-
dances are mostly homogeneous across the same open clus-
ter, with the expectation that these abundances are un-
changed during stellar evolution, only about 5 per cent
of open clusters have been studied with high-resolution
spectroscopy (e.g. De Silva et al. 2006, 2007a; Pancino et al.
2010; Roederer & Sneden 2011). We re-examine the homo-
geneity of elemental abundances up to Ba, and that is one of
the main purposes of this paper. The analysis presented in
the paper will complement the upcoming large-scale high-
resolution multi-object surveys, such as the Galactic Archae-
ology with HERMES (GALAH) survey, which assumes ho-
mogeneity of elemental abundances to reconstruct ancient
clusters.
2 OBSERVATIONS
2.1 Observations
Our sample contains 12 subgiants selected from
Herzog, Sanders & Seggewiss (1975) catalogue with
proper motions and photometric memberships available at
the time of observation. Targets were of G–K spectral type
and were selected in order to avoid rapid rotators. The
enumeration of the stars are based on Herzog et al. (1975)
and are listed in Table 1.
High-resolution spectra for the selected stars were ob-
tained using the echelle spectrograph on the Astrophysi-
cal Research Consortium (ARC) 3.5-m telescope at Apache
Point Observatory. The Nasmyth-mounted echelle spectro-
graph provides a resolution of R ≃ 30 000 and full wave-
length coverage from approximately 3 500 to 10 000 A˚. The
1 By definition, [X/Y] ≡ log10(NX/NY)star − log10(NX/NY)⊙,
where NX and NY are the abundances of element X and element
Y, respectively.
Table 1. Stellar Sample.
Star V B − V RA Dec
Her 6 8.97 1.26 18 36 33.227 +05 12 42.78
Her 35 9.66 0.98 18 37 05.217 +05 17 31.60
Her 82 9.78 1.02 18 37 30.299 +05 12 15.72
Her 87 9.43 1.16 18 37 34.219 +05 28 33.47
Her 90 8.00 1.36 18 37 35.828 +05 15 37.82
Her 144 9.23 1.02 18 38 05.162 +05 24 33.76
Her 170 9.48 0.97 18 38 17.578 +05 38 17.04
Her 176 9.42 0.97 18 38 20.759 +05 26 02.31
Her 228 9.41 0.98 18 38 43.788 +05 14 19.96
Her 249 9.04 1.07 18 38 52.930 +05 20 16.52
Her 296 9.29 0.97 18 39 17.877 +05 13 48.78
Her 397 9.23 1.05 18 40 18.515 +05 18 51.74
Table 2. Spectroscopic determined atmospheric parameters.
This study Gilroy (1989)
Teff log g vt Teff log g vt
Star (K) (dex) (km s−1) (K) (dex) (km s−1)
Her 6 4800 3.1 1.50 — — —
Her 35 5150 3.3 1.55 — — —
Her 82 5150 3.3 1.30 — — —
Her 87 5100 3.2 1.30 5000 2.9 1.80
Her 90 4700 3.1 1.60 — — —
Her 144 5100 3.2 1.65 5200 3.2 2.00
Her 170 5150 3.0 1.20 — — —
Her 176 5100 3.0 1.00 5200 3.0 2.00
Her 228 5150 3.2 1.40 5000 2.9 1.80
Her 249 5150 3.3 1.30 5000 2.9 1.80
Her 296 5200 3.3 1.20 5000 2.9 1.80
Her 397 5200 3.4 1.40 5000 3.0 1.80
typical signal-to-noise ratio of the final co-added spectra was
> 100 per pixel at 5 500 A˚. The data reduction, including
de-biasing, flat-fielding, scattered light removal, order ex-
traction, wavelength calibration and continuum fitting, were
carried out using iraf2 echelle package.
Our radial velocity measurements and subsequent spec-
troscopic analysis, as discussed below, show that one star
in the sample, Her 85, is a non-member of the cluster.
It had a radial velocity of -20.8 km s−1, which deviates
from the cluster mean velocity as well as low iron abun-
dances ([Fe i/H]= 7.14 and [Fe ii/H]= 7.06) from our analy-
sis. Therefore we discard Her 85 from further analysis and
discussion.
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Figure 1. [X/H] ratios as a function of spectroscopically determined effective temperature: [Na/H] (left-hand panel), [Fe i/H]
(middle panel), [Fe ii/H] (right-hand panel).
Table 3. Fe, Na, and Al abundances in [X/H] format. N is the total number of lines used and σ is the total measurement uncertainty
including the line-to-line scatter.
Fe i Fe ii Na i Al i
Star [X/H] N σ [X/H] N σ [X/H] N σ [X/H] N σ
Her 6 -0.05 24 0.09 -0.03 6 0.13 0.13 4 0.10 0.10 2 0.07
Her 35 -0.02 34 0.10 -0.03 4 0.10 0.20 4 0.08 0.11 2 0.05
Her 82 -0.03 35 0.11 0.00 6 0.09 0.21 4 0.08 0.12 2 0.07
Her 87 0.01 38 0.12 0.00 5 0.12 0.19 4 0.08 0.13 2 0.06
Her 90 0.00 26 0.07 0.02 5 0.14 0.04 4 0.09 0.07 1 0.08
Her 144 -0.05 36 0.09 0.00 7 0.10 0.25 4 0.08 0.10 2 0.07
Her 170 0.00 30 0.11 -0.01 10 0.11 0.22 4 0.08 0.09 2 0.06
Her 176 0.02 31 0.10 0.02 4 0.10 0.21 4 0.09 0.12 2 0.07
Her 228 0.00 31 0.10 0.00 6 0.10 0.23 4 0.09 0.06 2 0.07
Her 249 0.05 32 0.09 -0.01 8 0.10 0.25 4 0.08 0.12 2 0.05
Her 296 -0.01 32 0.09 0.00 4 0.11 0.21 4 0.09 0.11 2 0.06
Her 397 -0.03 29 0.08 0.00 3 0.10 0.27 4 0.09 0.16 2 0.05
Mean -0.01 — 0.10 0.00 — 0.11 0.21 — 0.10 0.11 — 0.07
3 ABUNDANCE ANALYSIS
3.1 Line lists and atomic data
To carry out the spectroscopic analysis, we employ atomic
lines for Na, Al, Mg, Si, Ca, Ti, Cr, Ni, Fe and Zn, which are
a subset of the line lists of Bensby, Feltzing & Lundstro¨m
(2003), to enable abundance comparison. Lines were se-
lected to minimize line-blending, and during the analysis
all blended lines were discarded from further use. The full
line lists, atomic data adopted and equivalent widths (EWs)
measured can be found in Appendix A. To facilitate the com-
parison between our study and previous studies, we use the
solar abundances from Grevesse & Sauval (1998). Different
choice of solar abundances shall not have significant impact
on our conclusion because the solar abundances for elements
Z > 12 are largely the same.
2
iraf is distributed by the National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation
3.2 Atmospheric parameters
We determine the atmospheric parameters, e.g. effective
temperature (Teff), surface gravity (log g) and microtur-
bulence (vt) using moog (Sneden, 2010 version) pro-
gram and Kurucz models assuming local thermodynamic
equilibrium (LTE). The atmospheric parameters grid was
interpolated using Castelli & Kurucz (1994). We deter-
mine the spectroscopic atmospheric parameters by an it-
erative manner assuming the photometric effective tem-
perature to be initial effective temperature. The pho-
tometric effective temperature is calculated based on
Alonso, Arribas & Mart´ınez-Roger (1999) calibration. We
minimize the differences between [Fe i/H] and [Fe ii/H] (i.e.
ionization equilibrium) to derive log g, eliminate the slope
of abundances (in log eps) as a function of excitation po-
tential (EP) to derive Teff and reduced EW in log scale to
determine vt.
We found that photometric effective temperatures are
systematically lower than the spectroscopic effective tem-
perature, of the order of 300 K, consistent with the results
from Jacobson et al. (2007). This is most likely due to not
taking into account extinction in photometry. It has also
c© 2012 RAS, MNRAS 000, 0–0
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been reported that IC 4756 is subject to variable extinction
(Schmidt 1978; Smith 1983).
3.3 Equivalent width
We measure the atomic line EWs by fitting a Gaussian pro-
file interactively with iraf splot package. The elemental
abundances were then calculated using moog adopting the
Kurucz models with the best-fitting atmospheric parame-
ters as determined spectroscopically. We make sure that, for
each element, all lines give the same abundances within 0.1
dex, and discard blended lines carefully. The final lines and
EWs that we use to deduce the abundances can be found in
Appendix A.
We do not find any correlation between [Fe/H] or [X/Fe]
versus the effective temperature as shown in Fig. 1, except
for Na. The Spearman’s ρ test or Kendall’s τ test always
give p-value larger than 0.1, where p-value is the probabil-
ity of false positive correlation. The lack of correlation of
both [Fe i/H] and [Fe ii/H] with Teff suggests that our esti-
mated atmospheric parameters are consistent in itself. How-
ever, for Na, both [Na/H] and [Na/Fe] show strong correla-
tion with the effective temperature, with p-value less than
0.03, i.e. less than 3 per cent of chance that we will get
false positive correlation. This trend might be due to un-
quantified analysis effects such as unknown line-blends or
non-LTE (NLTE) effects (Adibekyan et al. 2012). Our Na
analysis is based on measurement of the 5682/5688 doublet
and the 6154/6160 doublet. We find that both doublets give
the similar result with no difference seen if we considered
only one set of the lines. It is still a possibility that NLTE
effects can explain the trend, where a correction would de-
crease the enhanced Na abundances (Shi, Gehren & Zhao
2004; Lind et al. 2011). This Na trend could also be due to
internal mixing in the stars and we will discuss in details in
Section 4.1.
We estimate the total uncertainty in elemental abun-
dances for each star individually by combining in quadrature
the line-to-line scatter for each element and the uncertainties
due to the determination of three atmospheric parameters:
effective temperature, surface gravity and microturbulence.
For microturbulence, we vary vt until the abundances ver-
sus the EW in log scale has a slope greater than 0.05, and
take this range as 1σ. We assume the 1σ uncertainties in
effective temperature to be 100 K. We choose this range
because our results for various independent trials of deter-
mining effective temperature are always within this range.
We vary the surface gravity until the differences between
[Fe i/H] and [Fe ii/H] are greater than 0.05 dex. Since there
are non-trivial correlations between these three uncertain-
ties, combining in quadrature will give us a conservative
upper-limit of the total uncertainty.
3.4 Spectral synthesis
For Ba, we target the Ba ii line at 5853 A˚ taking into account
hyperfine structure and isotopic splitting adopting a solar
isotopic ratio. This line is strong, unblended and not thought
to be subject to NLTE effects (e.g. Mashonkina et al. 2007).
Spectral syntheses of the respective regions were carried out
using the moog synth driver. Assuming the uncertainty
on microturbulence to be 0.10 (which is the upper limit for
our analysis as described in Section 3.3), typical total un-
certainty of the elemental abundance is of the order of 0.1
dex. The uncertainty is dominated by the uncertainty in mi-
croturbulence (about 0.08 dex), while the uncertainty due
to Teff and log g is about 0.02 dex and uncertainty in the
synthesis fit is about 0.05 dex.
3.5 Cluster mean abundances
In Table 3–5, we list our abundance results in [X/H] for all
studied elements. In each table, N is the total number of
lines used and the σ gives the total uncertainty per star per
element. Except Na, all elemental abundances show little
star-to-star dispersion. However, we wish to be conserva-
tive in calculating the cluster mean abundances by taking
into account the uncertainties of each star. We calculate the
uncertainty in [X/Fe] by taking the quadrature of the un-
certainties in [X/H] and [Fe/H].
To calculate the [X/Fe] and [X/H] cluster mean for each
element, we generate 100 000 mock data points for each ob-
served star, for which the abundances are drawn randomly
from a Gaussian distribution centred at the observed abun-
dances with standard deviation to be the uncertainty of the
observed values. The median of the combined distribution
is taken to be the cluster mean and 1σ of the combined
distribution is estimated to be the uncertainty. The cluster
mean determined in this way almost always coincides with
the arithmetic mean. Note that if we were to use rms of
the star-to-star dispersion to be 1σ of the cluster mean, the
uncertainty would be much smaller (σ 6 0.03).
4 RESULTS AND DISCUSSION
The derived abundances and total uncertainty per star per
element are listed in Tables 3–5. We plot our results in
Fig. 2, and overplot field stars from Reddy et al. (2003,
2006), Bensby et al. (2003) and recent open cluster compi-
lation from Carrera & Pancino (2011) for comparison. For
the open cluster compilation, we have 78 clusters with
6.4 6 RG 6 20.8 kpc. For each cluster, we take the mean
abundance of the cluster for each element.
4.1 Light odd-Z elements: Na and Al
For [Al/Fe], all stars from IC 4756 show homogeneous abun-
dances. On the other hand, [Na/Fe] shows more intracluster
star-to-star dispersion. As shown in Fig. 1, abundances of
Na are strongly dependent on the effective temperature with
the two coolest stars (Her 6 with [Na/H] = 0.13 dex and Her
90 with [Na/H] = 0.04 dex) being the reason for the trend.
As discussed in Section 3.3, the inhomogeneity may be ex-
plained by NLTE effects. This could, however, also be a sign
of internal mixing in giants. The larger abundance scatter
in Na is also consistent with the open cluster compilation
values. As shown in Fig. 2, among light odd-Z elements,
[Na/Fe] is subjected to more scatter, presumably due to the
choice of dwarfs or giants in each survey. This enhanced Na
is also seen in field star surveys of clump and red giant stars
(De Silva et al. 2009), but this is not the case for [Al/Fe].
This observation is also consistent with field stars results
c© 2012 RAS, MNRAS 000, 0–0
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Table 4. Same as Table 3, but for Mg, Si, Ca and Ti abundances: α-elements.
Mg i Si i Ca i Ti i Ti ii
Star [X/H] N σ [X/H] N σ [X/H] N σ [X/H] N σ [X/H] N σ
Her 6 0.11 1 0.09 0.15 11 0.08 -0.01 15 0.13 0.02 13 0.18 0.27 7 0.10
Her 35 0.05 1 0.06 0.14 13 0.06 0.06 17 0.12 -0.05 17 0.16 0.27 7 0.07
Her 82 0.16 1 0.08 0.14 13 0.06 0.03 17 0.10 0.00 18 0.15 0.30 8 0.06
Her 87 0.15 1 0.09 0.16 12 0.05 0.03 16 0.13 -0.01 14 0.17 0.28 8 0.10
Her 90 0.08 1 0.05 0.12 11 0.09 0.01 12 0.13 -0.02 15 0.17 0.29 4 0.06
Her 144 0.09 1 0.08 0.04 13 0.06 0.01 16 0.12 -0.04 16 0.14 0.27 8 0.07
Her 170 0.15 1 0.08 0.02 13 0.06 0.03 16 0.13 -0.03 17 0.16 0.28 8 0.10
Her 176 0.13 1 0.07 0.07 13 0.06 0.03 17 0.11 0.01 17 0.16 0.28 6 0.09
Her 228 0.15 1 0.07 0.14 13 0.04 0.08 17 0.11 -0.01 18 0.14 0.29 7 0.07
Her 249 0.13 1 0.08 0.13 13 0.08 0.05 17 0.11 0.03 17 0.16 0.29 7 0.10
Her 296 0.05 1 0.08 0.10 13 0.05 0.03 17 0.12 -0.01 18 0.15 0.30 8 0.10
Her 397 0.14 1 0.07 0.17 13 0.06 0.09 17 0.11 0.00 18 0.16 0.29 8 0.08
Mean 0.11 — 0.08 0.12 — 0.08 0.04 — 0.12 -0.01 — 0.16 0.28 — 0.08
Table 5. Same as Table 3, but for Cr, Ni, Zn and Ba abundances: Fe-peak elements and neutron-capture elements.
Cr i Cr ii Ni i Zn i Ba i
Star [X/H] N σ [X/H] N σ [X/H] N σ [X/H] N σ [X/H] N σ
Her 6 -0.02 5 0.13 0.26 4 0.11 0.03 42 0.09 0.03 2 0.09 -0.03 1 0.10
Her 35 0.01 5 0.11 0.28 5 0.09 0.03 43 0.06 0.04 2 0.07 0.00 1 0.10
Her 82 -0.03 5 0.10 0.25 5 0.07 0.00 43 0.07 0.05 2 0.05 -0.05 1 0.10
Her 87 0.01 5 0.11 0.27 5 0.09 0.02 42 0.08 0.04 2 0.09 0.03 1 0.10
Her 90 0.07 4 0.13 0.26 4 0.11 0.05 27 0.07 0.09 1 0.11 0.00 1 0.10
Her 144 -0.01 4 0.10 0.20 5 0.07 -0.03 43 0.07 0.04 2 0.07 -0.05 1 0.10
Her 170 -0.01 5 0.11 0.16 5 0.10 0.00 42 0.10 0.01 2 0.08 -0.01 1 0.10
Her 176 -0.01 5 0.10 0.23 5 0.09 0.02 42 0.09 0.04 2 0.07 0.00 1 0.10
Her 228 0.02 4 0.11 0.21 5 0.08 0.03 41 0.09 0.07 2 0.06 -0.02 1 0.10
Her 249 0.06 5 0.11 0.27 5 0.08 0.04 43 0.09 0.07 2 0.07 0.00 1 0.10
Her 296 0.02 5 0.12 0.24 5 0.08 0.05 42 0.09 0.09 2 0.07 0.05 1 0.10
Her 397 0.07 5 0.10 0.26 5 0.08 0.00 43 0.08 0.05 2 0.06 0.02 1 0.10
Mean 0.01 — 0.12 0.24 — 0.09 0.02 — 0.08 0.05 — 0.08 -0.01 — 0.10
Table 6. Comparison with previous studies on IC 4756 giants.
Source Type Resolution [Fe i/H] [Na/Fe] [Al/Fe] [Mg/Fe] [Si/Fe]
This study 12 giants 30 000 −0.01± 0.10 0.21 ± 0.15 0.12± 0.12 0.12± 0.13 0.13± 0.13
Pace et al. (2010) 3 giants 100 000 0.08± 0.11 0.11 ± 0.12 −0.12± 0.12 — 0.02± 0.11
Smiljanic et al. (2009) 5 giants 48 000 0.05± 0.11 0.02 — −0.05 0.05± 0.08
Jacobson et al. (2007) 6 giants 15 000 −0.15± 0.18 0.57± 0.19a 0.29± 0.21 — 0.34± 0.25
Luck (1994) 3 giants 18 000 −0.05± 0.21 0.14 ± 0.22 0.05± 0.28a 0.22± 0.40a 0.23± 0.29
Source [Ca/Fe] [Ti i/Fe] [Cr i/Fe] [Cr ii/Fe] [Ni/Fe] [Zn/Fe] [Ba/Fe]
This study 0.05± 0.16 0.00± 0.19 0.03± 0.15 0.25 ± 0.14 0.03± 0.13 0.06± 0.13 0.00± 0.14
Pace et al. (2010) −0.02± 0.12 0.03± 0.13 0.01± 0.13 — −0.04± 0.12 — —
Smiljanic et al. (2009) 0.02± 0.09 −0.05± 0.09 0.04± 0.11 0.19 ± 0.11 −0.01± 0.06 — —
Jacobson et al. (2007) 0.07± 0.24 — — — 0.08± 0.21 — —
Luck (1994) −0.07± 0.35 −0.08± 0.31 0.08± 0.26 — 0.08± 0.30 — 0.02± 0.26
a[X/H] does not have uncertainty estimation; we have no choice but to assume that all uncertainties come from [Fe/H]. The stated
uncertainty is therefore smaller than it should be.
c© 2012 RAS, MNRAS 000, 0–0
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Figure 2. [X/Fe] as a function of [Fe/H] for IC 4756 subgiants of this study (filled blue circles), other open
clusters from Carrera & Pancino (2011) (red diamonds) and solar neighbourhood disc stars from Reddy et al. (2003),
Reddy, Lambert & Allende Prieto (2006) (grey triangles) and Bensby et al. (2003) (black plus). All samples assume 1D LTE stellar
model.
from Andrievsky et al. (2008) and Bonifacio et al. (2009)
where they argued that Al does not suffer from significant
internal mixing.
4.2 α-elements: Mg, Si, Ca and Ti
Our analysis shows that [Mg/Fe] and [Si/Fe] are superso-
lar for IC 4756, but [Ca/Fe] and [Ti/Fe] seem to be solar.
This is not new. Several high-resolution analyses of vari-
ous open clusters show overabundances in lighter α-elements
(e.g. Yong, Carney & Teixera de Almeida 2005). Ting et al.
(2012) also showed that, compared to field stars, open clus-
ter compilation shows more variation in α-elements and
more independent dimensions. This is consistent with the
more interclusters scatter in lighter α-elements, especially
Mg, as shown in Fig. 2. However, since Mg is usually de-
rived with very few lines, the results should be viewed with
caution.
We chose to use neutral Ti for our analysis. It is im-
portant to note that there is a discrepancy between Ti i
c© 2012 RAS, MNRAS 000, 0–0
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and Ti ii abundances. Similar effects have previously been
reported for stars cooler than Teff< 5200 K (Schuler et al.
2003). The mechanism responsible for this, known as ove-
rionization effect, is the pumping of the electrons into the
ionized state due to strong UV flux of the hot chromospheres
(refer to Schuler et al. 2003; D’Orazi & Randich 2009, for a
more detailed discussion on the topic). Therefore we adopt
the Ti i abundance as a more reliable value.
4.3 Fe-peak elements: Cr, Ni and Zn
All our Fe-peak elements are homogeneous, solar-like and
show little intracluster star-to-star dispersion. As observed
with Ti ii abundances, we see the effects of overionization in
Cr ii as well. Therefore, we adopt the Cr i abundance, which
is in the solar proportions, in agreement with the other Fe-
peak elements.
4.4 Neutron-capture elements: Ba
Our study shows that Ba abundance is homogeneous and
solar-like. This is strikingly different from what has been
observed for the similar aged Hyades open cluster, where
Ba is enhanced over 0.2 dex (De Silva et al. 2006, 2011). It
is often thought that different analysis methods and line lists
might contribute to the scatter in [Ba/Fe]-[Fe/H], as shown
in Fig. 2. However our analysis adopts a very similar method
compared to the studies of De Silva et al. (2006, 2011). It
is therefore possible that the cluster-to-cluster dispersion
(and star-to-star dispersion for field stars) in Ba abun-
dance is real. This supports the idea that the metallicity-
dependence nature of s-process in AGB phase (Busso et al.
2001; Cristallo et al. 2009; Bisterzo et al. 2010) creates a
unique neutron-capture elements imprint on the gas from
which the stars form (Ting et al. 2012).
4.5 Comparison with previous studies
Her 85, Her 87 and Her 176 were previously studied by Luck
(1994). Similar to our analysis, Her 85 also showed some
elemental abundances that do not fit into the cluster mean.
As discussed in Section 2.1, Her 85 is likely a non-member of
IC 4756; therefore, we exclude Her 85 to calculate the cluster
mean. For Her 87, they derived Teff = 5100, log g = 2.8, vt =
2.40, and for Her 176, they deduced Teff= 5200, log g = 3.0,
vt = 1.90. Furthermore, Gilroy (1989) studied Her 87, Her
144, Her 176, Her 228, Her 249, Her 296 and Her 314. Other
than some discrepancies in microturbulence, the comparison
with our atmospheric parameters is very satisfactory.
The comparison of elemental abundances with previous
studies is listed in Table 6. Note that, for a better compari-
son, we do not directly adopt the cluster mean and its uncer-
tainty quoted in each study. Instead, we calculate the cluster
mean with the same method as described in Section 3.5.
All previous studies agree on [Fe/H], [Ca/Fe], [Ti/Fe],
[Cr/Fe], [Ni/Fe] and [Ba/Fe], including [Fe/H] = 0.04±0.20
from seven giants of Gilroy (1989) and [Fe/H] = 0.03± 0.07
from three giants of Santos et al. (2009) that are not listed
in Table 6. All these abundances appear to be solar. Fur-
thermore, [Cr ii/Fe] is consistently about 0.2 dex enhanced
compared to [Cr i/Fe], which mimics our results as well.
Our results are consistent with other studies that
[Na/Fe] is above solar. Our analysis shows Na abundance in
between the results of Jacobson et al. (2007) and Pace et al.
(2010). Jacobson et al. (2007) claimed that their Na abun-
dance can be brought down if different line lists were consid-
ered and therefore might be more consistent with ours and
Pace et al. (2010) results. However, Smiljanic et al. (2009)
claimed that there is no enhancement in Na if NLTE correc-
tions is taken.
On the other hand, there are discrepancies in term
of [Al/Fe], [Mg/Fe] and [Si/Fe]. Our study agrees with
Jacobson et al. (2007) that both Al and lighter α-elements,
such as Mg and Si, are enhanced. Luck (1994) also re-
ported the same for Mg and Si. Pace et al. (2010) reported
a [Na/Fe] enhancement of 0.11 dex, which is similar to the
level of enhancement in this study for [Al/Fe], [Mg/Fe] and
[Si/Fe].
5 CONCLUSIONS
We have performed a high-resolution spectroscopic abun-
dance analysis on the intermediate-aged open cluster IC
4756, targeting abundances of Na, Al, Mg, Si, Ca, Ti, Cr, Ni,
Fe, Zn and Ba for 12 subgiant cluster members. We find the
cluster metallicity of [Fe/H] = −0.01 dex with abundance
enhancements seen in Na, Al, Mg and Si, while all other el-
ements are at solar level. Our study expands the total stars
studied for this cluster and generally agrees well with the
other literature work on this cluster.
We recover a high level of chemical homogeneity across a
range of elements including odd-Z, α, Fe-peak and neutron-
capture elements up to Ba. This supports the concept that
stars form from well-mixed gas clouds and that the chemi-
cal imprint of the protocluster cloud is preserved within the
stars. This result of high chemical homogeneity further con-
firms that simple stellar populations such as open clusters
should be chemically homogeneous. We therefore further val-
idate the basic requirement for chemical tagging, namely
other such stellar populations which are now dispersed into
the Galaxy field could be identified via chemical tracers.
As an exception, we find a larger scatter in the Na
abundance. The source of this scatter is unclear although
enhanced Na abundances have been observed in this cluster
by others. Also the Ba abundance was found to be at the
solar level, which is vastly different from the enhanced Ba
abundances observed in the Hyades. Given the similar age
of the two clusters and the similar abundance analysis car-
ried out in both clusters, we find this points to a real cosmic
scatter in Ba among the open cluster population.
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APPENDIX A: EQUIVALENT WIDTHS
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Her6 Her35 Her82 Her87 Her90 Her144 Her170 Her176 Her228 Her249 Her296 Her397
λ EW EW EW EW EW EW EW EW EW EW EW EW
Element (A˚) EP log gf (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Na i 5682.63 2.10 -0.71 141.6 132.9 127.7 127.5 143.6 141.9 122.6 119.9 133.8 129.6 127.3 135.3
Na i 5688.21 2.10 -0.40 168.2 158.8 152.1 147.9 170.3 160.2 145.5 145.4 152.2 152.5 143.4 152.7
Na i 6154.23 2.10 -1.57 86.2 75.4 71.9 73.6 87.7 82.3 71.3 69.6 73.8 77.1 70.1 77.9
Na i 6160.75 2.10 -1.27 107.0 93.7 92.8 93.8 107.8 104.2 90.0 86.2 94.8 95.6 88.1 98.4
Mg i 5711.09 4.35 -1.86 135.1 121.5 122.7 122.9 138.5 127.9 117.5 113.9 123.4 120.6 112.0 122.3
Al i 5557.06 3.14 -2.21 34.5 25.7 23.7 26.5 — 27.0 23.4 24.2 24.6 26.0 23.6 25.4
Al i 6698.67 3.14 -1.92 53.0 41.2 42.9 43.3 57.2 41.8 39.0 42.7 36.2 40.3 37.8 43.3
Si i 5645.61 4.93 -2.04 — 59.6 59.5 — — 59.7 52.4 54.6 59.0 63.2 56.8 64.4
Si i 5665.56 4.92 -1.94 67.5 69.7 59.1 60.9 — 69.0 59.4 61.9 70.1 64.4 61.3 68.3
Si i 5684.48 4.95 -1.55 80.5 92.0 82.9 87.0 81.1 87.8 75.8 81.0 87.0 77.6 79.6 89.3
Si i 5690.42 4.93 -1.77 69.5 77.3 69.7 74.9 73.8 67.5 63.2 63.9 74.1 73.3 66.5 71.4
Si i 5701.10 4.93 -1.95 60.5 63.8 63.4 65.0 54.8 60.3 54.8 54.6 64.7 60.2 61.1 60.6
Si i 5948.54 5.08 -1.13 102.9 103.5 103.2 100.9 102.3 102.1 95.1 91.8 105.2 96.7 98.2 100.0
Si i 6125.02 5.61 -1.52 43.0 44.8 49.2 51.9 42.3 48.3 49.0 42.8 49.9 48.5 42.6 49.0
Si i 6142.48 5.62 -1.50 47.9 43.2 53.4 51.6 45.0 41.0 40.5 47.2 48.0 46.0 49.4 53.4
Si i 6145.02 5.62 -1.45 51.3 57.9 49.1 54.1 39.3 44.7 45.3 44.3 51.6 45.4 47.3 50.9
Si i 6155.13 5.62 -0.72 96.3 101.2 91.7 95.2 83.6 91.7 85.1 90.9 98.3 90.1 88.5 95.5
Si i 6237.32 5.61 -1.05 74.7 77.0 81.4 78.3 69.3 72.3 70.2 71.2 73.1 80.6 76.6 79.2
Si i 6243.81 5.62 -1.29 — 63.6 61.0 63.4 53.0 57.0 60.9 51.2 63.2 66.7 57.7 65.4
Si i 6244.47 5.62 -1.32 51.3 63.2 59.9 59.5 45.4 54.6 56.9 58.2 65.9 64.0 55.2 63.9
Ca i 5260.39 2.52 -1.78 78.5 64.9 60.7 63.4 — 62.5 52.4 55.4 58.5 61.0 57.3 62.6
Ca i 5261.70 2.52 -0.45 156.6 134.2 127.4 124.9 — 135.4 121.9 126.3 136.3 133.6 126.7 137.6
Ca i 5349.46 2.71 -0.64 126.3 120.6 111.7 110.2 — 121.3 102.9 101.4 114.9 106.3 108.4 108.2
Ca i 5512.98 2.93 -0.56 119.1 108.7 102.6 106.3 128.9 110.2 92.6 94.5 105.8 108.9 93.1 104.3
Ca i 5590.11 2.52 -0.52 — 137.3 122.0 123.9 — 133.8 120.2 118.1 131.0 125.3 119.2 133.6
Ca i 5601.28 2.53 -0.25 171.9 157.0 145.7 148.3 204.4 156.8 130.4 129.4 146.9 144.3 134.2 145.7
Ca i 5867.56 2.93 -1.60 62.4 47.8 42.1 51.8 63.9 43.9 42.1 44.3 53.4 46.6 43.6 48.7
Ca i 6122.22 1.89 -0.37 — 213.7 201.4 203.6 263.0 204.8 189.6 194.8 209.4 200.9 189.2 202.2
Ca i 6161.30 2.52 -1.26 114.8 95.8 89.0 84.5 — 101.3 79.6 80.4 94.5 89.9 84.2 95.7
Ca i 6166.44 2.52 -1.17 119.2 101.2 96.6 100.5 124.4 108.6 95.9 83.2 98.2 95.5 94.3 100.6
Ca i 6169.04 2.52 -0.84 135.4 123.9 110.3 109.0 136.8 128.4 107.2 105.6 110.5 107.5 101.0 119.3
Ca i 6169.56 2.53 -0.62 145.3 138.6 121.0 123.2 167.0 131.7 123.7 113.3 125.5 119.0 114.9 123.5
Ca i 6455.60 2.52 -1.30 104.1 95.3 86.2 86.9 125.5 103.2 87.5 77.0 94.4 92.7 84.9 88.0
Ca i 6471.66 2.53 -0.64 143.7 132.2 122.4 127.7 157.6 135.8 119.7 115.0 132.6 122.2 112.9 132.9
Ca i 6493.78 2.52 -0.19 186.0 193.6 160.6 162.4 208.1 172.1 144.4 142.5 165.2 166.3 155.3 171.9
Ca i 6499.65 2.52 -0.73 137.3 122.7 118.2 120.7 152.0 — 110.6 109.3 126.2 122.1 112.9 121.6
Ca i 6798.48 2.71 -2.46 25.5 20.2 20.2 — 38.6 20.4 — 20.8 20.4 21.4 21.5 19.6
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Element (A˚) EP log gf (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Ti i 4840.87 0.90 -0.45 — 112.7 104.4 109.1 149.8 119.4 98.5 99.8 111.5 106.3 97.9 107.3
Ti i 4913.61 1.87 0.22 — 94.8 85.2 — 124.7 — 82.1 79.7 87.2 86.8 81.4 87.8
Ti i 5016.16 0.85 -0.52 140.1 114.3 107.7 109.4 149.9 124.1 101.3 104.0 113.3 107.3 99.0 102.5
Ti i 5022.87 0.83 -0.38 153.4 120.8 116.3 114.4 165.2 125.8 112.1 106.9 114.1 121.1 106.5 117.6
Ti i 5024.84 0.82 -0.55 139.1 121.3 112.0 111.9 154.0 124.5 102.6 98.1 112.5 110.8 102.9 111.2
Ti i 5087.06 1.43 -0.78 98.5 — 72.6 68.6 — 78.4 68.5 66.4 69.7 68.8 67.7 72.3
Ti i 5113.44 1.44 -0.73 93.2 67.2 67.0 72.4 — 76.8 62.9 70.6 75.6 72.2 63.6 70.5
Ti i 5219.70 0.02 -2.24 111.2 84.4 79.5 — 122.9 91.8 69.3 74.6 77.5 75.3 71.4 74.8
Ti i 5426.25 0.02 -2.95 75.0 36.1 40.3 — 87.4 44.7 38.9 39.2 43.0 38.6 32.3 40.1
Ti i 5471.19 1.44 -1.61 56.5 30.8 29.1 31.8 65.6 28.8 26.4 28.0 26.7 32.0 24.9 27.5
Ti i 5490.15 1.46 -0.88 93.7 66.6 59.3 62.6 100.9 67.9 62.6 60.1 60.0 67.7 59.0 56.3
Ti i 5866.45 1.07 -0.78 129.4 104.2 97.0 94.4 136.5 107.7 90.0 89.3 93.5 99.2 85.5 94.8
Ti i 5953.16 1.89 -0.27 102.9 68.9 72.1 77.7 109.7 78.1 71.8 — 75.9 — 71.2 71.1
Ti i 6126.22 1.07 -1.37 100.7 63.3 60.8 67.6 111.7 74.5 63.6 62.7 69.1 66.1 62.8 64.6
Ti i 6258.10 1.44 -0.30 — 99.2 93.5 — 140.2 — — 93.3 94.7 95.6 87.0 96.6
Ti i 6261.10 1.43 -0.42 — 95.0 94.1 97.2 — 105.3 87.2 87.3 97.5 99.0 89.7 93.0
Ti i 6303.76 1.44 -1.51 65.8 29.7 40.5 40.8 76.5 35.4 33.4 33.0 33.0 35.7 31.7 31.1
Ti i 6743.12 0.90 -1.63 — 64.0 63.6 71.5 104.9 71.6 62.8 66.0 69.5 63.0 58.6 55.7
Ti ii 4865.61 1.12 -2.79 86.0 79.5 77.4 80.5 — 89.5 83.7 74.4 82.7 78.0 77.4 81.0
Ti ii 4911.19 3.12 -0.61 78.2 — 80.1 79.9 — 89.0 81.6 — 82.0 77.8 76.5 81.2
Ti ii 5005.16 1.57 -2.72 61.2 64.5 57.7 58.3 66.5 67.4 61.2 — — — 55.7 53.3
Ti ii 5154.07 1.57 -1.75 — 112.7 107.2 103.2 — 113.1 105.2 99.6 108.0 103.6 102.5 104.0
Ti ii 5185.91 1.89 -1.49 106.3 102.6 97.2 99.4 105.7 107.7 100.6 96.0 105.4 100.8 98.6 102.1
Ti ii 5336.77 1.58 -1.59 115.9 117.1 115.7 112.5 121.6 123.5 109.9 108.0 116.0 107.0 106.0 111.6
Ti ii 5381.02 1.57 -1.92 101.8 105.5 93.3 95.3 108.7 106.5 99.4 88.9 98.9 97.2 92.9 96.7
Ti ii 5490.69 1.57 -2.43 81.1 76.9 72.2 76.3 — 82.1 74.4 69.6 76.9 74.3 73.2 75.2
Cr i 5238.96 2.71 -1.43 52.9 41.4 35.6 40.9 64.3 39.8 35.5 35.4 — 38.6 32.2 39.8
Cr i 5296.69 0.98 -1.32 170.1 143.6 136.2 135.6 196.8 — 127.5 124.3 138.5 137.6 126.7 138.9
Cr i 5304.18 3.46 -0.77 45.0 33.6 28.1 34.0 58.4 32.8 29.1 28.1 32.4 31.8 27.7 31.3
Cr i 5318.81 3.44 -0.77 43.2 29.4 30.1 34.5 — 36.9 29.5 32.4 32.0 35.1 33.7 37.1
Cr i 6330.09 0.94 -2.90 104.1 78.8 67.1 72.2 117.0 77.5 70.1 68.1 72.1 74.7 68.0 69.9
Cr ii 5237.33 4.07 -1.18 67.6 81.0 74.9 76.1 72.9 80.1 74.4 70.4 75.8 75.2 72.8 73.0
Cr ii 5305.85 3.83 -2.06 42.8 51.0 46.6 47.9 38.3 49.8 45.8 45.2 47.6 47.5 45.8 46.5
Cr ii 5308.41 4.07 -1.79 46.2 52.9 48.4 47.0 39.6 48.6 46.9 49.7 46.8 47.2 47.7 49.6
Cr ii 5310.69 4.07 -2.24 — 28.8 29.0 30.2 — 28.2 32.2 28.7 30.9 30.5 28.8 30.4
Cr ii 5313.56 4.07 -1.55 54.6 62.7 54.7 60.7 52.4 61.1 57.0 56.9 59.5 57.4 56.6 60.9
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Her6 Her35 Her82 Her87 Her90 Her144 Her170 Her176 Her228 Her249 Her296 Her397
λ EW EW EW EW EW EW EW EW EW EW EW EW
Element (A˚) EP log gf (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Fe i 4347.24 0.00 -5.50 — — 83.6 — — — — — — — — —
Fe i 4439.88 2.28 -3.00 — — — — — 94.5 — — — — — —
Fe i 4442.34 2.20 -1.26 231.2 — 193.4 227.0 — — 200.0 183.1 — 218.0 195.6 —
Fe i 4445.48 0.08 -5.44 — — 84.5 — 112.9 95.0 81.0 — 84.2 — 76.3 —
Fe i 4447.72 2.22 -1.34 220.6 — 185.4 203.1 — — 183.4 175.4 195.9 193.3 174.6 —
Fe i 4494.57 2.20 -1.14 — — — 214.4 — — 201.3 — — — — —
Fe i 4523.40 3.65 -1.99 — — — — 80.8 — — — — 60.6 — —
Fe i 4547.85 3.54 -1.01 — — — — — 120.5 104.5 — — — 104.1 —
Fe i 4556.93 3.25 -2.71 — 57.7 — 57.9 — — 49.1 — — — 49.3 48.2
Fe i 4561.43 2.76 -3.08 — — — — — 65.0 — — — — — —
Fe i 4593.52 3.94 -2.06 51.5 48.0 — 44.3 — — — — 42.8 — 41.8 40.4
Fe i 4602.01 1.61 -3.15 130.6 — 102.6 — 139.7 — 100.9 100.0 112.2 — 99.9 —
Fe i 4635.84 2.85 -2.36 — — — — — 98.0 — 80.6 — — — —
Fe i 4678.84 3.60 -0.83 — — — — — 130.5 — — — — — —
Fe i 4679.22 3.25 -2.42 — — — 68.8 — — — — — — 60.8 —
Fe i 4683.55 2.83 -2.32 — — — 83.5 109.6 — — — 86.3 85.1 — 86.3
Fe i 4704.94 3.69 -1.53 — — — 83.6 — 85.5 — — — — — —
Fe i 4705.45 3.55 -2.27 71.6 65.0 55.6 65.4 74.9 — 56.7 52.6 — — — 57.6
Fe i 4779.43 3.42 -2.02 — — 71.2 71.0 — 79.0 — — — 74.7 67.7 —
Fe i 4787.82 3.00 -2.60 — 68.0 63.4 70.7 — 81.5 66.8 62.2 72.2 — — —
Fe i 4788.75 3.24 -1.76 — — 90.1 97.2 114.0 105.5 90.7 85.4 — 98.0 86.3 92.1
Fe i 4802.87 3.64 -1.51 — — — — — — — — 85.1 — — —
Fe i 4809.93 3.57 -2.68 46.7 38.2 40.3 41.3 — 40.0 40.8 34.9 37.4 39.0 36.0 29.8
Fe i 4869.46 3.55 -2.48 60.5 53.3 48.8 56.3 — 54.0 48.3 — 53.9 53.6 44.1 50.0
Fe i 4961.91 3.63 -2.25 — 49.6 — 50.0 64.3 60.0 — — — — — 49.4
Fe i 5054.64 3.64 -1.92 — — — — — — — — — — — 70.1
Fe i 5293.95 4.14 -1.84 — — — 52.8 67.2 — 49.3 52.2 — — — —
Fe i 5294.54 3.64 -2.81 — 30.0 27.0 23.8 46.9 — 30.6 30.9 30.4 28.6 24.5 26.0
Fe i 5386.33 4.15 -1.74 59.9 56.7 44.8 53.5 62.9 52.0 52.4 47.1 52.9 52.2 — 48.5
Fe i 5417.03 4.42 -1.66 — — 48.3 — — — — 46.0 — — — —
Fe i 5466.99 3.57 -2.44 — — 55.1 — — — — 52.2 — — — —
Fe i 5618.63 4.21 -1.29 — — — — — 72.8 — — 78.8 78.7 71.3 —
Fe i 5633.95 4.99 -0.27 — 83.4 81.7 80.7 — 86.5 — 71.8 84.1 81.1 77.0 79.1
Fe i 5662.52 4.16 -0.52 — — — — — — — 107.2 — — — —
Fe i 5701.55 2.56 -2.22 — — — 109.6 — — — — — — — —
Fe i 5705.47 4.30 -1.42 — 60.7 — — — 59.8 — — 58.9 — — 55.5
Fe i 5741.85 4.25 -1.69 62.1 53.6 47.4 53.1 — 54.2 48.3 51.5 53.6 52.6 47.8 53.7
Fe i 5775.08 4.22 -1.31 84.6 75.0 75.7 — — 82.7 — — — — — 74.1
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Element (A˚) EP log gf (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Fe i 5778.48 2.59 -3.48 64.2 50.5 54.0 57.5 78.0 55.0 49.6 51.4 58.0 50.4 47.8 53.9
Fe i 5811.92 4.14 -2.43 23.5 20.7 — — 29.1 20.4 24.4 — 24.2 26.6 19.6 18.9
Fe i 5837.70 4.29 -2.34 — 19.8 — — 23.4 — — — — — — —
Fe i 5853.16 1.49 -5.28 47.4 27.1 25.6 31.4 48.4 29.6 27.7 — 26.2 24.5 21.8 22.3
Fe i 5855.09 4.60 -1.55 40.4 40.4 39.4 38.5 54.2 41.3 39.0 36.8 42.0 41.5 37.1 35.3
Fe i 5856.10 4.29 -1.64 60.2 — — 59.8 — 58.7 — — — — — —
Fe i 5858.75 4.22 -2.26 28.4 22.3 24.2 23.5 32.5 23.7 — 24.5 24.7 24.3 — 22.2
Fe i 5927.80 4.65 -1.09 62.5 58.9 54.6 57.5 67.7 62.3 54.9 — 58.4 58.8 54.0 57.3
Fe i 5956.69 0.86 -4.61 124.2 — — 103.4 — 104.1 97.6 — — 98.2 92.5 91.5
Fe i 6015.24 2.22 -4.76 — 18.9 — 16.4 — 17.8 17.4 15.9 — 20.3 — —
Fe i 6024.06 4.55 0.16 — — — — — — — 127.2 133.1 — — —
Fe i 6034.04 4.31 -2.47 — — — — — — — — — 21.0 16.4 —
Fe i 6042.23 4.65 -0.89 82.5 75.0 70.2 74.7 82.7 81.4 — 72.5 75.5 75.7 69.1 —
Fe i 6054.08 4.37 -2.31 19.3 14.2 — — 21.0 — — 22.8 16.0 — 15.6 16.4
Fe i 6056.01 4.73 -0.65 — 84.7 77.2 — — — 78.5 — 84.3 85.3 75.7 82.7
Fe i 6093.65 4.61 -1.51 50.1 48.0 37.2 46.9 52.8 47.7 — 43.6 — 49.1 43.2 39.0
Fe i 6094.37 4.65 -1.65 — 38.9 31.2 33.5 46.5 35.8 32.7 31.0 — 38.9 — 33.8
Fe i 6096.67 3.98 -1.88 62.7 54.4 59.5 58.5 68.1 54.4 52.6 — 59.2 57.9 55.6 56.0
Fe i 6105.13 4.55 -1.99 26.2 20.7 17.8 24.8 29.5 21.4 21.9 24.8 22.7 — — 21.5
Fe i 6120.24 0.91 -5.97 — 25.4 23.5 28.6 — — — 28.9 26.3 26.0 21.0 —
Fe i 6151.62 2.17 -3.30 — — 79.7 — 114.1 — — 82.5 90.8 87.4 — 86.7
Fe i 6157.73 4.08 -1.32 — 88.2 — — — 89.6 — — — — — —
Fe i 6159.38 4.61 -1.97 — 21.8 24.2 27.7 — — 21.6 23.5 — 20.9 22.5 —
Fe i 6173.34 2.22 -2.88 127.1 109.5 103.0 111.3 140.2 — 99.4 98.4 109.2 106.8 99.4 —
Fe i 6180.20 2.73 -2.64 — 97.1 92.6 — — 101.9 — — — — — —
Fe i 6200.31 2.61 -2.44 — 106.5 98.9 108.1 132.8 111.9 102.3 100.9 107.9 109.6 97.0 —
Fe ii 4491.41 2.86 -2.68 — — — — — — 95.1 — — 89.3 — —
Fe ii 4508.28 2.86 -2.31 — — 104.6 — — 116.8 105.7 99.7 108.2 105.1 — —
Fe ii 4541.52 2.84 -2.99 — — — — — — 83.7 — — — — —
Fe ii 4576.33 2.84 -2.82 — — — — — — 85.4 — — — — —
Fe ii 4582.83 2.84 -3.09 74.1 77.2 — — — 83.8 77.3 — 81.6 75.6 — —
Fe ii 4620.52 2.83 -3.08 71.1 — 76.0 75.1 72.9 87.5 77.3 — 78.4 75.2 — —
Fe ii 4656.98 2.89 -3.55 — — — — — 60.5 — — — — — —
Fe ii 5414.08 3.22 -3.68 28.1 36.2 34.5 36.6 25.5 37.2 41.7 37.7 37.7 37.3 33.4 35.2
Fe ii 5991.38 3.15 -3.56 35.9 — 45.8 45.9 34.7 — 48.5 — — 42.5 44.1 43.8
Fe ii 6084.11 3.20 -3.81 25.3 30.6 31.2 31.9 23.4 35.7 34.7 35.1 35.7 33.0 34.0 —
Fe ii 6149.26 3.89 -2.72 35.6 49.1 44.6 45.6 34.5 51.3 51.1 48.2 49.4 43.5 46.0 46.1
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Element (A˚) EP log gf (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
Ni i 4831.17 3.61 -0.32 108.5 102.9 99.3 95.4 — 109.9 93.4 91.9 97.5 96.4 94.3 96.9
Ni i 4857.39 3.74 -0.83 77.7 70.2 64.4 69.1 — 74.0 65.8 59.4 72.3 70.2 69.3 66.4
Ni i 4866.26 3.54 -0.21 111.9 113.9 99.9 102.1 — 111.3 99.9 90.2 111.8 108.5 100.3 106.4
Ni i 4904.41 3.54 -0.25 117.5 107.7 102.4 102.6 — 113.7 94.0 92.8 105.3 99.9 94.7 105.4
Ni i 4953.20 3.74 -0.58 93.9 82.9 80.1 78.5 — 84.3 74.6 73.6 81.9 79.1 73.7 73.2
Ni i 4998.22 3.61 -0.69 86.0 83.6 74.0 77.3 — 90.0 76.1 75.5 85.9 81.0 77.0 79.2
Ni i 5082.34 3.66 -0.54 94.1 87.9 81.1 85.5 — 88.9 82.0 77.2 89.3 83.5 82.5 80.6
Ni i 5084.09 3.68 -0.07 — 111.4 98.9 111.1 — 116.2 98.3 97.2 106.4 104.0 99.1 106.8
Ni i 5088.53 3.85 -1.06 58.9 53.8 50.2 54.1 — 51.1 49.0 46.7 50.4 54.4 51.5 50.9
Ni i 5088.95 3.68 -1.29 52.6 59.3 50.1 50.6 — 49.4 49.0 49.7 51.2 49.1 53.2 43.1
Ni i 5094.41 3.83 -1.11 55.2 50.6 45.7 55.9 — 50.9 51.4 49.7 49.0 53.3 44.2 49.0
Ni i 5102.96 1.68 -2.67 104.4 95.3 82.9 84.8 — 98.4 86.7 81.3 93.6 85.0 84.1 83.2
Ni i 5115.39 3.83 -0.13 108.9 99.8 95.1 89.8 — 107.8 89.0 91.3 99.3 94.3 95.2 96.8
Ni i 5392.33 4.15 -1.31 27.0 23.9 27.0 — 31.6 24.0 — — — 25.2 25.4 26.3
Ni i 5468.10 3.85 -1.66 30.1 22.4 21.3 27.6 — 29.9 29.0 28.1 — 22.3 — 23.7
Ni i 5578.71 1.68 -2.56 110.2 100.5 92.7 97.0 115.0 110.0 94.6 83.5 100.4 99.6 92.8 92.1
Ni i 5587.85 1.94 -2.45 105.9 96.5 88.8 89.6 108.6 95.9 84.7 83.2 87.9 88.3 85.0 84.5
Ni i 5593.73 3.90 -0.77 70.8 69.5 62.0 67.3 70.4 70.3 59.7 59.3 63.3 63.7 60.5 59.1
Ni i 5748.35 1.68 -3.24 79.1 71.5 61.0 71.1 90.8 68.4 64.9 65.3 62.3 63.4 63.7 68.3
Ni i 5846.99 1.68 -3.45 76.4 62.4 54.2 60.6 — 59.0 60.2 59.4 60.0 60.3 54.8 51.1
Ni i 5996.73 4.24 -1.00 41.1 43.1 36.0 36.7 45.0 35.0 35.0 34.4 36.7 38.9 38.0 31.5
Ni i 6007.31 1.68 -3.40 80.6 59.2 52.8 55.6 76.5 63.1 53.2 53.4 63.8 57.2 60.2 55.7
Ni i 6086.28 4.27 -0.45 64.9 66.7 64.1 64.0 66.7 62.2 55.7 57.0 68.0 64.1 56.0 61.2
Ni i 6108.11 1.68 -2.44 124.4 112.2 99.5 108.9 134.1 111.7 105.8 98.1 112.9 103.2 95.5 109.3
Ni i 6111.07 4.09 -0.82 57.8 60.4 53.8 54.7 63.0 58.5 53.7 56.5 57.9 50.0 55.7 50.7
Ni i 6128.96 1.68 -3.36 75.6 71.1 58.5 62.9 85.9 66.4 62.3 63.6 66.3 62.9 61.9 58.4
Ni i 6130.13 4.27 -0.89 44.4 41.5 40.2 42.0 41.2 41.2 41.0 36.8 37.7 40.0 40.2 40.7
Ni i 6175.36 4.09 -0.50 75.6 70.6 69.5 70.8 77.7 77.4 62.6 68.5 73.6 69.7 65.9 70.9
Ni i 6176.81 4.09 -0.26 93.5 91.5 84.3 81.3 94.4 86.0 80.5 75.0 77.0 83.6 74.1 85.2
Ni i 6177.24 1.83 -3.55 57.8 42.8 46.0 39.7 59.9 43.7 44.1 40.7 47.6 39.6 43.5 35.0
Ni i 6186.71 4.11 -0.88 58.7 55.7 45.3 46.3 58.0 49.3 53.2 48.3 55.8 51.0 50.6 47.4
Ni i 6204.60 4.09 -1.10 50.3 42.0 35.8 38.8 41.8 38.3 42.3 40.2 35.9 37.0 43.7 34.4
Ni i 6223.98 4.11 -0.91 48.8 54.7 48.5 49.1 — 47.0 42.6 43.6 50.6 48.8 46.7 42.0
Ni i 6314.65 1.94 -1.99 131.2 119.1 111.5 113.2 134.5 123.1 107.9 101.3 119.2 118.5 106.0 112.7
Ni i 6322.16 4.15 -1.21 37.3 38.7 25.0 33.5 37.1 31.1 29.2 29.7 28.5 30.5 32.2 28.3
Ni i 6327.59 1.68 -3.06 96.6 84.1 80.5 79.7 100.9 84.2 78.5 74.5 76.1 79.8 74.0 78.0
Ni i 6378.25 4.15 -0.81 54.4 58.9 53.9 50.8 59.4 60.1 45.2 49.4 57.4 48.4 50.7 52.9
Ni i 6482.80 1.94 -2.76 99.4 89.3 79.2 81.4 105.3 91.8 79.5 70.4 83.9 80.7 73.1 77.4
Ni i 6598.59 4.24 -0.90 50.5 48.4 44.2 42.8 54.0 47.1 41.8 37.0 41.8 48.1 44.4 40.2
Ni i 6635.12 4.42 -0.72 41.2 43.4 43.9 41.8 52.2 47.3 42.6 42.3 46.4 37.5 42.9 42.8
Ni i 6643.63 1.68 -1.92 168.9 142.4 131.7 141.4 164.3 152.7 126.8 127.1 142.1 140.7 130.2 135.9
Ni i 6767.77 1.83 -2.10 142.3 125.2 114.1 117.3 149.8 127.0 117.4 112.9 124.7 117.2 111.4 122.7
Ni i 6772.31 3.66 -0.93 80.6 77.6 70.4 73.8 83.9 77.3 69.1 64.4 78.5 70.9 74.3 78.0
Zn i 4810.53 4.08 -0.26 87.4 90.7 85.4 83.8 — 96.6 83.2 76.6 89.6 84.8 84.8 87.9
Zn i 6362.34 5.80 0.12 21.2 29.2 26.9 28.4 21.3 27.3 28.8 29.2 29.7 28.8 28.8 27.1
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